Objective-Preterm birth predisposes children to the development of cardiovascular diseases in adulthood. The aim of this study was to characterize elastic properties of the aorta at preschool age and test the hypothesis that prematurity is associated with decreased aortic distensibility and increased stiffness, both of which are predictors of increased cardiovascular risk. Approach and Results-In an observational study of 76 five-to seven-year-old children born at a gestational age <32 weeks and 79 term-born controls, elastic parameters of the ascending and descending abdominal aorta were determined noninvasively by means of M mode echocardiographic tracings and calculated using computerized wall contour analysis. Compared with children born at term, the preterm group showed significantly reduced distensibility and increased stiffness of the descending abdominal aorta. These results remained significant under multivariable adjustment for birth weight z score, maternal smoking in pregnancy, maternal education, family history of cardiovascular disease, breastfeeding, childhood nutrition, and current body mass index z score (multivariable odds ratios and 95% confidence intervals 5.1, 1.7-15.9; P=0.005 and 2.8, 1.0-7.9; P=0.046, respectively). Further adjustment for intravenous lipid therapy attenuated the strength of association. Elastic properties of the ascending aorta did not differ between the 2 study groups. 
P
revious studies have shown that preterm birth is associated with increased cardiovascular risk and mortality because of cardiovascular disorders in adult life. [1] [2] [3] Over the last years, the number of preterm deliveries and the number of survivors have steadily increased, and adverse health impact is of relevance to the growing cohort of a preterm-born population entering adulthood. 4 Development of cardiovascular disease (CVD) in adulthood was initially attributed to the programming effect of low birth weight resulting from impaired fetal growth because of undernutrition or placental dysfunction. 5 However, the mechanisms are still not clear and may also involve other factors, such as early impairment of arterial wall properties related to prematurity. 6 Arterial stiffness may put individuals at risk for hypertension, left-ventricular hypertrophy, and CVD. [7] [8] [9] Most of the studies investigating vascular function in preterm-born children included adolescents or young adults in whom conventional risk factors for CVD might already be present and do not permit straightforward attribution of vascular abnormality to prematurity. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Studies in young children would be best suitable, but are limited to 3 evaluations with small sample size. [22] [23] [24] Our study aims at investigating arterial wall properties in a comparatively large cohort of children at preschool age by means of a standardized, semiautomated, and noninvasive method. [25] [26] [27] 
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Briefly, we investigated a group of children born preterm between January 2007 and July 2009 with a gestational age of <32 weeks (n=76), who were invited for a routine preschool visit at our preterm follow-up clinic, and a control group of children born at term who were mainly recruited through local kindergartens (n=79).
Aortic elastic properties were calculated from transthoracic M mode echocardiographic tracings using a standardized ultrasound protocol and a software tool for computerized wall contour analysis (Figures 1 and 2) . 25, 26 This method was validated and tested for its reproducibility in our cardiological ultrasound laboratory.
Results

Study Population
During the study period, 90 children born at term and 182 children born preterm were assessed for eligibility. Eightynine children born at term and 93 children born preterm were included in the study. Complete data regarding aortic properties were available in 79 children born at term and 76 children born preterm (for further details, see Figure 3 and detailed methods in the online-only Data Supplement).
The final group of children born at term did not differ significantly from the general Tyrolean birth cohort 28 with regards to gestational age, birth weight, and sex distribution, but maternal educational status was significantly higher. In line, preterm-born children in our study did not differ significantly in gestational age, birth weight, and sex distribution from all preterm infants in the survey area. 29 Maternal educational status again was higher in the study group.
Population Characteristics
Characteristics of all children included in the current study are given in Table 1 . Children born preterm had significantly lower body mass indices and body mass index z scores at preschool age than did term controls (P<0.001). Interestingly, they also had a smaller percentage of favorable childhood nutrition profiles, and the mothers of children born preterm reported smoking during pregnancy more frequently. Preterm-born children had a significantly higher mean systolic (P<0.001) and diastolic blood pressure (P<0.05) than term controls. None of the children were taking medication that might influence aortic properties.
Aortic Distensibility and Stiffness Index
Preschool children born preterm had a significantly increased risk for low distensibility (bottom quintile group, cutoff <62 kPa
) and increased stiffness (top quintile group, cutoff >3.6) of the descending abdominal aorta in comparison to children born at term ( Intravenous lipid therapy emerged as a significant predictor of low descending abdominal aortic distensibility and high stiffness in children born preterm (age-and sex-adjusted OR and 95% CI 3.8, 1.3-11.8; P=0.018 and 3.2, 1.0-10.0; P=0.051). Once added to the multivariate model, the associations between prematurity and descending abdominal aortic distensibility and stiffness decreased in strength (Table 2 ; Model 4).
There was no association between prematurity and distensibility and stiffness of the ascending aorta.
Gestational age on a continuous scale was also related to low distensibility and high stiffness of the descending abdominal aorta (multivariable OR and 95% CI for an increment of one week 0. 0.96, 0.92-1.00; P=0.074), but this did not extend to birth weight z score, that is, deviation of birth weight from gestational age-specific normative values. Of note, the associations between prematurity and low distensibility and high stiffness remained similar when children small for gestational age at birth (n=17) were excluded from the analysis (multivariable OR 5.6, 95% CI 1.7-19.0; P=0.005 and multivariable OR 2.5, 95% CI 0.9-7.3; P=0.009).
Discussion
In this study of preschool children, prematurity was related to a decrease in elastic properties of the descending abdominal aorta. Early impairment of arterial wall properties may permanently alter cardiovascular physiology and, thus, be considered a risk factor for CVD in later life in addition to smoking, diabetes mellitus, systemic hypertension, and hypercholesterolemia. 17, 23, 30, 31 Actually, stiffening of the aorta may be a driven force for the excess risk of CVD related to preterm birth.
In more detail, preterm-born children in our study had a 5-fold increased risk for low distensibility and a 3-fold increased risk for a high stiffness index in the descending abdominal aorta. These results remained significant after adjustment for birth weight z score, maternal smoking in pregnancy, maternal education, family history of CVD, breastfeeding and childhood nutrition, and current body mass index z score. The findings were confined to the descending abdominal aorta, which may reflect a particular susceptibility of the abdominal aorta to impaired elastogenesis and lipid toxicity (see below). It also fits well to the facts that (1) the abdominal aorta is a known predilection site for intimal thickening and xanthoma (grade I and II plaques) early in life and manifestation of atherosclerosis in adulthood 32 and (2) volumetric blood flow and, probably, also shear stress decline soon after birth in the abdominal aorta, but the opposite is true for the ascending thoracic aorta. There is compelling evidence that atherosclerosis and its precursors initiate at sites of low shear stress. 33, 34 Our study is among the first to investigate the relation between prematurity and elastic properties of the aorta at preschool age-an age group where lifestyle risk factors such as active smoking and also large differences in physical activity do not exist. Previous comparable studies were smaller in size. [22] [23] [24] The study by Cheung et al 22 reported an increased brachioradial pulse wave velocity among 8-year-old children born preterm, with intrauterine growth retardation, but interpretation is complicated by the fact that pulse wave velocity has not been validated for preschool children. 35 In the study by Morsing et al, 24 the highest aortic stiffness and the lowest distensibility was seen in adequately grown preterm-born children. Tauzin et al 23 reported impaired arterial viscoelastic properties of the abdominal aorta of healthy preterm infants, which persisted until the seventh week of life. However, it remained unclear whether arterial stiffness improved after the critical neonatal period based on adaptive phenomena or not. 36 Additional studies have demonstrated a decrease in aortic distensibility among infants small for gestational age. 37, 38 Others reported on the relation between arterial stiffness and low birth weight in term-born children and adults, but findings were not entirely consistent. [39] [40] [41] Class et al 42 showed a clear relation between low birth weight and an increased risk of cardiovascular morbidity and mortality independent of gestational age in a large population-based sibling comparison study. In our study, descending abdominal aorta distensibility remained significantly lower in the group of children born preterm when small-for-gestational-age children were excluded from analysis, indicating that prematurity is related to impaired elastic properties independent of growth retardation. As a common readout of our and the previous studies, intrauterine growth retardation and low birth weight as well as prematurity may contribute to early aortic stiffening. Potentially underlying mechanisms may partly be shared and partly diverse.
First, permanent alterations of viscoelastic properties of the aortic wall may arise from a decrease in elastin synthesis and maturation and a parallel increase in collagen content. In healthy subjects, elastin's share of the aortic dry weight is as high as 50% and 45% in the ascending and descending abdominal aorta, respectively. 6 In the context of intrauterine growth retardation and low birth weight, impaired elastogenesis was attributed to a variety of pathological events, including placental hypoxia, leading to fragmentation of the elastic lamellae, diminished insulin-like-growth factor-1 plasma levels, as well as maternal and placental malnutrition featured by aberrant micro-RNA expression profiles. 43, 44 All these mechanisms may also be of relevance to prematurity. On top of that, hyperoxic stress caused by transient neonatal highoxygen exposure in rats (a model of preterm birth-related complications) was shown to accelerate elastin precursor degradation and unfavorably affect matrix composition. 45 Finally, premature birth disrupts elastin synthesis, usually peaking in a narrow time window at the end of gestation. After birth, elastogenesis pursues but decreases rapidly when the transitional rise in blood pressure stabilizes. 46 Although abdominal aortic compliance of preterm infants partially improves over several weeks, postnatal elastin synthesis cannot entirely compensate for in utero deficiency. 6 It merits attention that in a sheep model, preadaptive elastin formation in utero and in the first postnatal days (until closure of the ductus arteriosus) was substantially higher for the abdominal (+66%) than for the thoracic aorta (+41%), and postnatal elastogenesis suspends within 3 weeks at the abdominal level (because of reduced blood flow), but not in the thoracic segment. 47 Accordingly, the abdominal aorta may be more susceptible to preterm birth effects, consistent with the findings in our study.
Second, aortic lipid accumulation and toxicity because of intravenous lipid exposure in preterm infants entails aortic stiffness in early adulthood. 48 Exogenous lipids supplied for more than a week results in a doubling of cholesterol levels, 48 which downregulates elastin maturation (by inhibiting lysyloxidase activity required for cross-linking) 49 and induces early vascular lipid damage in a critical developmental period of the still immature vessels. Of particular note, these effects are most prominent in the abdominal aorta prone to lipid accumulation, 50 which is an appealing explanation for prematurity's preferential effects on the abdominal aortic section in our study. Actually, exposure to exogenous lipids was related to descending abdominal aortic distensibility at preschool age, and adjustment for intralipid use attenuated the strength of association between prematurity and aortic distensibility in the multivariable analysis (OR 5.5-3.2) and stiffness (OR 3.0-2.0).
Third, arterial stiffness in preterm infants may also arise from early vascular ageing and telomere shortening because of extensive cell proliferation after preterm birth and oxidative stress in the critical newborn period (respiratory distress, infections, etc.). 51 Benetos et al 52 showed that for a given chronological age, subjects with shorter telomere length are at increased risk for higher pulse wave velocity values.
Limitations
Only 93 out of 182 preterm-born children assessed for eligibility were included in the current study. However, both the preterm and control groups were representative of all children born preterm and term in the survey area with regards to sex distribution, gestational age, and birth weight. Only maternal educational level was higher for children enrolled, reflecting the well-known fact that highly educated parents are more likely to participate in research projects.
Our study, although the largest in this age range, is not a large study in absolute terms. Limitations inherently linked to observational research like unmeasured confounding also apply to our study. To minimize recall error, we used the Mutter-Kind Pass records containing prospectively collected and validated (by obstetricians and pediatricians) information on pregnancy (eg, smoking) and childhood ≤6 years of age.
Calculations of aortic distensibility and stiffness have been made on the basis of brachial pulse pressure. This could produce non-negligible errors because of pulse pressure amplification. However, measuring aortic pulse pressure takes longer and is less convenient, especially, for children at preschool age, thus, causing more stress and potentially affecting the blood pressure. Moreover, we are referring to differences between groups and not to absolute values.
Unexpectedly, our study yielded a higher distensibility for the descending abdominal aorta compared with the ascending aorta. 53 However, segment-specific distensibility analysis in young children are overall sparse, and some ultrasound-based reports and a large-scale magnetic resonance imaging-based study reported findings in good accordance with ours.
48,54
Conclusion
In preschool children born preterm, elastic properties of the descending abdominal aorta are decreased, which may predispose to CVD in adulthood. Early identification of high-risk individuals is a prerequisite for tailored prevention programs. Positive family history of CVD defined as diagnosis of coronary heart disease, angina, heart attack, congenital heart disease, or stroke in first-degree male relative of child or parent under the age of 55 or first-degree female relative of child or parent under the age of 65. To account for non-normal distribution of the dependent variable, distensibility and stiffness indices were logarithmically transformed. BMI indicates body mass index; CVD, cardiovascular disease; and SD, standard deviation. *P<0.001, term vs preterm group. †P<0.05, term vs preterm group (yes/no). ‡P<0.05, term vs preterm group (neutral/favorable). 
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